The melting transition of Xe monolayers adsorbed on a single-crystal exfoliated graphite substrate has been studied by high-resolution synchrotron x-ray scattering. At temperatures slightly above the melting transition the fluid phase has a high degree of orientational order. The results are discussed in the context of current theories of two-dimensional melting including the effects of the substrate.
I. INTRODUCTION
The nature of the melting transition in simple twodimensional (2D) systems remains an intriguing and unresolved problem. In this paper we report a synchrotron x-ray scattering study of correlations in a monolayer of Xe physisorbed on the basal planes of a single-crystal exfoliated graphite substrate. ' As we will discuss below, the incommensurate Xe monolayer is an excellent realization of a simple 2D solid; the principal effect of the substrate is to impose an effective orientational ordering field h6 on the monolayer.
The structure and phase transitions of rare-gas monolayers physisorbed on graphite have been studied extensively with a variety of techniques including thermodynamic measurements, low-energy electron diffraction neutron scattering, and x-ray diffraction.
Much of this work has been summarized by Heiney et al. and Dimon et al. The melting of Xe monolayers on ZYX exfoliated graphite has been investigated by high-resolution x-ray scattering using synchrotron radiation. ' The earlier experiments demonstrated that at coverages somewhat below one monolayer the melting is first order, but near and above one monolayer the transition is continuous. It has been conjectured that a tricritical point separates the two regions. ' ' In most of the previous x-ray structural studies, the basal planes of the substrate were composed of randomly oriented crystallites. This precluded the possibility of investigating orientational effects in the correlations. In the present work, the single-crystal nature of the substrate has allowed us to probe the behavior of the orientational correlations and to address important questions regarding the existence of the hexatic phase ' '" and the effect of the substrate on the transition. The present work is an extension of, an improvement upon, a previous experiment using a rotating-anode x-ray source and a lower-resolution scattering configuration.
Section II of this paper contains a brief discussion of current theories of melting in two dimensions. Our experimental procedure and data analysis is described in Sec.
III. The results of the experiment and the nature of the orientationally ordered fluid state are discussed in Sec. IV.
II. THEORY OF MELTING IN TWO DIMENSIONS
The two-dimensional melting transition is an example of a finite-temperature, lower-marginal-dimensionality phase transition. Kosterlitz and Thouless' and Orientational correlation ( g(0)9(r) ) ordered ((8(0) 9(r)) -llr ' (power-law decay) (0(0)0{r))-e (exponential decay) variant in the coarse-grained microscopic' Hamiltonian and the transition in three dimensions is continuous (ex- cept that T~can be zero or infinite). As a class, the scalar problems are on particularly strong theoretical ground, and there is good experimental evidence that the Kosterlitz-Thouless (KT) mechanism is operative. ' The We now describe the xenon melting measurements and data analysis. The scans were obtained in a closed-cell configuration: A known amount of Xe was admitted to the sample cell, the cell was sealed off, and data points were collected at various temperatures in the vicinity of the melting transition. Two sets of data were taken. In the first, approximately 4.2 Torrcm of gas was admitted to the cell, and melting occurred at a temperature of T-138 K with the xenon-gas pressure in the cell estimated to be about 1 Torr. At this point on the phase diagram (shown schematically in Fig. 2 ) melting has previously been shown to be continuous in experiments on ZFX graphite. ' 5) where g' is the power describing the decay of correlations in the solid just below the melting temperature. Figure 9 shows a log-log plot of the peak amplitude versus x. Fit The coexistence fits were therefore carried out by two methods. In the first the scans were assumed to be the sum of a solid peak with a line shape identical to that measured at 115 K and a Lorentzian-spot component.
The radial and angular scans were fitted simultaneously, with six parameters allowed to vary: the ratio of solidto-liquid intensity, the peak positions in radial and angular scans, the widths of radial and angular scans, and an overall scaling factor. The second method was identical to the first, except that the widths were fixed at the values obtained by a pure liquid fit at a postulated phase boundary.
In practice, the fluid fits and "variable liquid" coexistence fits were found to describe the scattering nearly equally well, although the coexistence fits were somewhat better at temperatures below 116. 28 K. The fixed "liquid" coexistence model was unable to fit the data well.
Some typical data fitted by the variable liquid coexistence model are shown in Fig. 10 .
The ratio of angular and radial widths in the fluid, or fluid part of the coexisting phases, are shown in Fig. 11 . The data show a good deal of scatter, but the width ratios are essentially consistent with those measured at 138 K.
suits it is therefore apparent that the Xe monolayer melts into an orientationally ordered (hexatic) fluid in the continuous melting regoin (138 K) and probably also at 116 K. We now discuss the possible origins of the observed orientational order.
We reiterate that the substrate can affect the order of the transition as well as the amount of orientational order.
With a finite orientational field h6 the formation or orientationally unaligned blocks, and hence of grain boundaries, is inhibited. Crudely, taking h6 as an orientational energy per unit area [see Eq. (10)], and g6 as the largest substrate-free orientational correlation length, the fluctuations leading to first-order melting can be suppressed when"" h6($6) &k~T~. If the substrate-free melting transition is weakly first order, g6 will be large and an extremely small h6 will be sufficient to make the transition continuous. 
With a perfect crystal, an angular scan through such a spot would have a half-width at half maximum given by lated to the measured half-widths 60 of our angular scans by (9) where the linear addition rule is assumed since the measured profiles are Lorentzians. These results can be converted to inverse angstroms by defining~s= G( (58 ) )' In Fig. 12 Fig. 13 ). On the other hand, a finite h6 will limit the rapid growth of Kg. The heuristic dependence of the angular and radial widths is shown in Fig. 13 . Morf ' has found that melting is continuous, in agreement with the KTHNY theory.
The approximations leading to Eqs. (7), (9), and (11) are numerous.
Equation (10) is strictly a harmonic ("spinwave-like" ) approximation which should be valid in the hexatic phase if disclination pairs renormalize out of the problem. ' The quadratic q dependence of~58(q)~[Eq. (11)] should be valid for small q only, and the expilict dependence of (58 ) on the upper momentum cutoff q, is artificial. Furthermore, the extraction of (58 ) from the measured S(Q) is not rigorous. Aeppli 
